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sophisticated culture of 
the native North Carolina 
Algonquian Indians he 
encountered.
In 1585, John White returned 
from ‘Virginia’ with visions 
of the perfect place to plant 
the English in the New World. 
While Raleigh continued 
preparations for a permanent 
colony of 115 men, women 
and children at Chesapeake, 
John White was appointed 
governor. But the project failed 
for lack of supplies and relief 
ships blocked by the Spanish 
Armada.
But White’s drawings have 
been vital in understanding 
how Europeans first viewed 
native north Americans and 
the continent’s novel flora and 
fauna.
All of White’s drawings are in 
the British Museum’s collection 
and are on public display as 
a group for the first time in 40 
years. Loaned portraits, maps 
and navigational instruments 
from the National Portrait 
Gallery, British Library and 
National Maritime Museum 
are also being used to set the 
scene of the Elizabethan court.
A New World. British Museum, 
London. Until June 17 2007.
Intrigue: John White carefully re-
corded illustrations of new spe-
cies such as the puffer fish. (Photo: 
copyright Trustees of the British 
Museum.)
Exotic: A new butterfly species in 
America painted by John White. 
(Photo: copyright Trustees of the 
British Museum.)Quick guide
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selection
Philip W. Hedrick
What is balancing selection? 
The ‘balance hypothesis’ 
of Theodosius Dobzhansky 
suggested that many genes 
are genetically polymorphic 
and that these variants are 
maintained in the population by 
selection favoring heterozygotes. 
When Richard Lewontin and 
John Hubby found extensive 
genetic variation at allozyme 
loci in 1966, they proposed 
heterozygote advantage in 
fitness as a possible explanation, 
the simplest theoretical form 
of “balancing selection.” Using 
a multi-locus model, however, 
Lewontin and Hubby concluded 
that it was unlikely this type of 
balancing selection could result 
in the maintenance of the level 
of variation that they observed, 
though others subsequently 
modified or disagreed with their 
analysis. 
Other forms of balancing 
selection have been suggested 
that may be important 
in maintaining genetic 
polymorphism in some situations, 
such as frequency- dependent 
selection — in which rare 
genotypes have a fitness 
advantage — or selection 
varying in space and time — in 
which different genotypes 
have an advantage in different 
environments. 
The relative importance of 
these three general forms of 
balancing selection is still not 
known but there seem to be 
more documented examples of 
frequency-dependent selection 
and selection varying in space 
and time than of intrinsic 
heterozygote advantage.
How can balancing selection 
be detected? Until recently, the 
possible existence of balancing 
selection was determined by 
looking for deviations from Hardy-Weinberg proportions in 
a population or for deviations 
from Mendelian segregation in 
families, or by the association of 
fitness for particular genotypes 
with an environmental factor (all 
these tests generally use data 
from the present generation). 
Over the past several decades, 
examination of deviations 
for given loci from neutral 
expectations have provided new 
approaches to detect balancing 
selection. For example, within 
populations, an allele frequency 
distribution that is more even 
than neutral expectations 
suggests some form of balancing 
selection is operating. Or 
variance among populations 
showing an observed divergence 
over populations that is less than 
one would expect for neutral loci 
can suggest similar balancing 
selection is occurring over 
populations, while an observed 
divergence over populations 
greater than neutral loci may 
suggest there is balancing 
selection as a result of spatial 
differences in selection. 
More recently, using the 
increasingly available DNA 
sequence information, the 
distribution of sequenced 
alleles, the level of sequence 
variability, comparative sequence 
divergence, and variability 
between different classes of 
mutation have all provided 
data that can be examined 
for the cumulative effects of 
balancing selection over long 
periods. Population surveys of 
sequence variation, along with 
more rigorous statistical tests 
of selection that have been 
developed recently, should 
provide more resolution of the 
pattern and extent of balancing 
selection.
What are some classic 
examples of long-term 
balancing selection? The 
most often cited example of 
balancing selection involves the 
sickle- cell (S) and normal alleles 
at the β- hemoglobin locus in 
humans, in which heterozygotes 
have been shown to have the 
greatest resistance to malaria 
and consequently the highest 
fitness where malaria is a major 
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Control (David O. Morgan,  
New Science Press, 2007).  
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In 1993 Andrew Murray and 
Tim Hunt published a terrific 
textbook titled The Cell Cycle: An 
Introduction. It was a timely book, 
coming right on the heels of the 
discovery that cyclin-dependent 
kinases (Cdks) drive cell-cycle 
transitions in diverse eukaryotes. 
It was a good read too, using 
clear writing and an emphasis on 
concepts to effectively convey the 
sense of an important field at an 
exciting time.
The past thirteen years have 
brought much in the way of new 
information and insights to the cell 
cycle field; it was clearly time for 
a new book. Enter The Cell Cycle: 
Principles of Control, by David 
Morgan, just published by New 
Science Press. It is up-to- date, 
authoritative, balanced, and 
accessible — an exceptionally 
good book on a fascinating 
subject, and a more-than-worthy 
successor to Murray and Hunt’s.
Morgan’s cell cycle book is 
organized into twelve chapters, 
with each chapter sub-divided into 
a number of modular, two-page 
‘topics’. For example, Chapter 6 
is titled ‘Assembly of the Mitotic 
Spindle’ and it includes topics 
such as ‘Microtubule Structure 
and Behavior’, ‘The Kinetochore’, 
‘Bi-Orientation of Sister 
Chromatids’, and ten others. This 
organizational plan is to be shared 
by all of the volumes in New 
Science Press’s Primers in Biology 
series, of which Morgan’s book is 
the second member (the first was 
Petsko and Ringe’s outstanding 
Protein Structure and Function, 
published in 2003). Each two-page 
topic includes its own illustrations, 
references, and glossary terms; 
the cumulative reference list and cause of mortality. However, 
another hemoglobin allele C 
has recently been estimated to 
have even higher fitness, and 
now appears to be replacing 
allele S, suggesting that the 
sickle-cell polymorphism may be 
evolutionarily short-lived. 
When alleles are maintained 
by balancing selection for a 
long evolutionary time and 
are consequently shared 
by related species, it is 
referred to as ‘trans- species 
polymorphism’. There are 
only a few widely accepted 
examples of trans- species 
polymorphism, which include 
the major histocompatibility 
complex (MHC) loci that are 
part of the vertebrate immune 
system, the self-incompatibility 
loci that prevent self-fertilization 
in a number of plant species, 
and the complementary sex 
determination (csd) locus that 
determines sex in a number of 
hymenoptera species. 
How is balancing selection 
different from directional 
selection? ‘Directional selection’ 
causes adaptively important 
genetic variants to increase in 
frequency. The initial stages 
of increase for a mutant, or 
a low frequency allele, under 
directional and balancing 
selection are hard to distinguish 
from each other because, in both 
instances, the allele increases 
to some intermediate frequency 
at a rate that depends upon the 
selective advantage. 
Directional selection then 
leads to a continued increase 
in frequency and to fixation, 
or near fixation, causing the 
appearance of a ‘selective 
sweep’ and reduced variability 
in the genomic region nearby 
the selected locus. 
Balancing selection, 
on the other hand, brings 
the favored allele to an 
intermediate equilibrium, where 
it is maintained as a genetic 
polymorphism that potentially 
increases the variability in the 
genomic region nearby the 
selected locus. 
If directional selection does 
not result in a complete selective 
sweep and stops when the allele is at intermediate frequency, then 
it may have somewhat similar 
effects as balancing selection. 
The terms ‘positive selection’ 
or ‘positive Darwinian selection’ 
are often used to include both 
directional and balancing 
selection. 
Has genomics uncovered 
examples of balancing 
selection? There have been 
several recent genomic screens 
in humans which have attempted 
to find loci exhibiting balancing 
selection, but they have 
revealed few new examples of 
trans- species polymorphism 
or of high single nucleotide 
polymorphism (SNP) density. 
These studies suggest either 
that a low proportion of loci in 
the human genome are under 
long- term balancing selection, 
or that these screens are not 
efficiently detecting such loci. 
Future genomic studies in 
humans and similar studies with 
other species should help resolve 
these basic questions about 
the role of balancing selection 
in the maintenance of genetic 
polymorphism. 
Where can I find out more  
about balancing selection?
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